In the production of injection-moulded parts, the formation
INTRODUCTION
One of the reasons why injection-moulded parts fail may be the formation of weld lines during the production process. Although these are common and mostly unavoidable, so far there has been no reliable way of taking account of this problem in the simulation phase during component design. A calculation method has been developed therefore at the Institute of Plastics Processing (IKV) to predict the weld line strength of unreinforced thermoplastic components, the results of which can then be utilised for the structural simulation of the component.
FORMATION AND PROPERTIES OF WELD LINES IN INJECTION-MOULDED PARTS
A weld line forms when two or more flow fronts meet in the cavity during injection moulding. This mainly occurs behind obstacles which divide the melt flow in the cavity. Weld lines are also unavoidable in multi-gated parts and can form in parts with non-uniform wall thickness as a result of "race-tracking" of the melt front [1, 2] .
There are two types of weld lines ( Figure 1 ). Where the flow fronts meet head-on and there is no further melt flow in the weld line, stagnating weld lines are formed. If the flow fronts meet at an angle that allows continued flow of the melt and the weld line, flowing weld lines are formed. Stagnating weld lines are generally formed behind large flow obstacles at the end of the flow path while flowing weld lines form behind smaller obstacles or when the flow fronts converge at an acute angle. Of the two types, stagnating weld lines have the lower mechanical strength. While the strength values of flowing weld lines are around 75% compared with the standard material, stagnating weld line strengths can be as low as 50% in the case of brittle amorphous thermoplastics. Higher values can be expected for ductile amorphous or partially crystalline thermoplastics [1, 2] .
There may be three causes for the reduction in strength in weld lines: lack of interdiffusion of molecular chains across the interface, a high degree of molecular orientation close to the weld line and stress concentration due to a V-shaped notch (V-notch) at the component surface. The reasons for the formation of the V-notch are not yet fully understood [2] [3] [4] .
CAUSES OF STRENGTH REDUCTION IN WELD LINES

Lack of interdiffusion
When two melt fronts collide, they are not joined together at a molecular level. As soon as the fronts have collided, polymer chains of the material start to interdiffuse across the interface, resulting in healing of the weld line. The time needed for the weld line to heal completely depends on molecular structure [5] , temperature and local pressure [1, 6, 7] . With flowing weld lines, when the angle at which the flows converge passes a certain value, an effect also occurs whereby the influence of the weld line decreases along the flow path. For polystyrene, for example, this behaviour is observed from an angle of 140-150° [6] . In practice, however, these healing processes often lead only to a reduction in the weld line's effect on mechanical properties.
Molecular orientation
Because of the source flow which is characteristic of the injection-moulding process, molecular orientations form parallel to the flow direction at the cavity wall and perpendicular to the flow direction at the flow front. When two source flows meet at the weld line and the material then sets, these orientations are frozen in. The resulting orientation of molecular chains perpendicular to the component surface at the weld line causes stresses in the component and therefore also affects the strength of the weld line [2, 3] .
V-notch
Relaxation of the highly oriented chain molecules in the weld line causes higher shrinkage values in the vicinity of the interface than in the area immediately surrounding it, which results in a notch in the weld line [2] . The V-notch can also be due to air inclusions in the cavity or incomplete mould filling [6] . There is as yet no definitive understanding of which of these causes is predominant.
PROCESS EFFECTS ON THE STRENGTH OF STAGNATING WELD LINES
Materials investigated and test specimens
Since weld lines have a much greater effect on the mechanical properties of amorphous thermoplastics than on those of partially crystalline thermoplastics, an amorphous, unreinforced thermoplastic was used for the investigations [8] . The test material chosen was Makrolon 2405 polycarbonate from Covestro AG, Leverkusen, Germany. Polycarbonate has high rigidity and strength, which is why it is used for structural components, e.g. in interior and exterior automotive applications and for protective goggles. It also has high notch sensitivity, which suggests that the V-notch should have a significant effect on weld line strength in PC components. Other amorphous thermoplastics, such as polystyrene or polymethyl methacrylate, are rarely used in unreinforced grades for structural components because of their brittle material behaviour [9] .
To study the dependence of the strength of stagnating weld lines on injection-moulding process parameters, type 1B dumbbell-shaped tensile test pieces were produced using a mould that allowed gating at one or both ends, to produce a stagnating weld line ( Figure 1) .
Characterisation of weld line properties
To determine the strength of the weld lines, short-term tensile tests were performed on the test pieces described above at a test rate of 20 mm/min at room temperature.
The tensile strength of a material is based on the engineering stress and not on the true cross-section of the specimen being tested, and does not usually represent the true stress at fracture of the specimen ( Figure 2) . Since the samples being tested did not fail before reaching the yield point, and thus before reaching the tensile strength, the true stress in the samples, rather than the tensile strength, was used to characterise the weld line strength.
Because polycarbonate is ductile, resulting in necking of the samples, the true cross-section at fracture had to be measured in order to determine the true stress in the component. The true cross-section of the sample was therefore measured with an optical system during the tensile test and was correlated with the recorded forcedisplacement signal.
The depth of the V-notch was determined using a colour 3D laser scanning microscope. 
Effect of process parameters on the fracture stress of weld lines
Preliminary tests showed that melt temperature and holding pressure had the greatest effect on weld line strength. This observation also coincides with findings from the literature [1, [10] [11] [12] [13] . The effect of these two process parameters on weld line strength was therefore considered.
A 3 2 design of experiment (DoE) was used to determine the effect. This design also offered the opportunity to investigate the linearity of the effects. The upper and lower limits were taken from the manufacturer's recommendations. The process parameters used are listed in Table 1 . Figure 3 shows a comparison of the fracture stresses of the specimens that had weld lines. The fracture stresses of the PC specimens as a function of melt temperature are plotted over the holding pressure. It can be seen that the lowest values were reached at two of the corner points of the experimental design, at a holding pressure of 400 bar and a melt temperature of 280°C and at a holding pressure of 800 bar and a melt temperature of 310°C. Figure 4 of the values obtained shows that a high holding pressure has a positive effect on fracture stress with a low melt temperature. With a high melt temperature, the fracture stress increases with decreasing holding pressure. Furthermore, with a low holding pressure, a high melt temperature clearly leads to a higher fracture stress and, with a high holding pressure, a high melt temperature leads to a lower fracture stress.
An interaction diagram in
This behaviour can be explained by the fact that higher temperatures lead to a higher rate of diffusion, since the thermal movement of the molecular chains is accelerated at higher temperatures. A higher pressure, on the other hand, reduces the free path of the molecular chains, resulting in lower interdiffusion and therefore lower fracture stress. To produce strong weld lines, therefore, the highest possible melt temperature and the lowest possible holding pressure should be selected. However, these process conditions can also lead to a high degree of shrinkage and distortion, and so it is important to weigh up the advantages and disadvantages of these settings for each individual case.
Effect of process parameters on the V-notch in weld lines
The depth of the V-notch in the samples was measured by confocal laser microscopy at three points on each sample: in the middle and at distances of 2.5 mm along the weld line. The process settings for the samples tested corresponded to the parameters for the factor levels "-1,-1", "0,0" and "+1,+1" in Table 1 . The process parameters used and the notch depths measured are listed in Table 2 . The depths of the V-notches measured are all in the range of a few micrometres and are therefore significantly smaller than the depths of 0.1-0.3 mm mentioned in the literature [4, 14] . The smallest notch depths are found at the corner points of the experimental design. Further studies are needed to explain this phenomenon.
Apart from the lack of interdiffusion, the V-notch in the weld line can also cause further weakening of the sample by means of a notch effect. To investigate this effect, samples with a weld line both with and without a V-notch were examined. Notches were removed from samples from the experimental point with the factors "0,0" by polishing.
The fracture stress of the polished samples was determined in the same way as the fracture stress of the unpolished samples. Table 3 gives a comparison of the tensile strengths of unpolished samples with a V-notch and polished samples without a V-notch. What is striking is the high standard deviation of the fracture stress determined for the polished samples. This may be due on the one hand to the fact that the samples were polished by hand, and therefore there was an extraneous variable affecting the material data obtained. On the other hand, the internal stress profile in the sample may have been disturbed. However, since the mean values of the fracture stresses for the samples studied were practically identical and the smallest notch depths were found in the most weakened samples, it was concluded that V-notches with the depths measured here had no effect on the fracture stress of the samples tested.
WELD LINE STRENGTH SIMULATION
In order to predict weld line strength in the structural simulation, an integrative simulation chain is constructed. This requires calculation of the weld line positions and the thermorheological state of the plastic in the cavity based on a fluid mechanics mould-filling simulation. These and other relevant process variables can be transferred into a structural simulation using a specially developed interface ( Figure 5 ).
Process simulation
The software used for the fluid mechanics mould-filling simulation and to determine the position of the weld line was Sigmasoft from Sigma Engineering GmbH, Aachen. The Sigmasoft software's weld line value offers an output which, for a given element, evaluates the probability (0: not present; 1: present) of a weld line being present at the particular position ( Figure 6 ). To detect weld lines, the software uses information on melt temperature, pressure and the contact angle of the melt fronts. In the simulation chain that was set up, this weld line value is used to determine the position of the weld line. 
T/5
Temperature and pressure data from the process simulation were mapped on to an FE mesh for the structural simulation using an interface which is integrated into Sigmasoft. Since the stress in the component is calculated for the element midpoints or Gauss points in the structural simulation, the results of the process simulation are also mapped on to the element midpoint, so that the weld line strength can be calculated directly from the interpolated simulation data.
Calculation of a reduction factor for weld line strength
As described in sections 3 and 4, the strength of a weld line is dependent on the molecular orientation and interdiffusion of the polymer chains. Since the V-notch played only a subsidiary part in the experimental investigations, this section will focus mainly on molecular interdiffusion.
To describe the process of molecular chain interdiffusion between two polymer surfaces, the socalled reptation model can be used [15] . According to this model, molecular chains are able to interdiffuse, and therefore also to diffuse through the interface between the flow fronts in the weld line, provided that the temperature in the material and in the interface is above the glass transition temperature of the plastic. Applying this model to a weld line, this means that the more molecular chains can penetrate through the melt fronts, the more the weld line will heal and the higher will be the strength of the resulting weld line. Kim and Suh [3] have developed a model to describe weld line strength or to calculate a reduction factor for the material strength in the weld line, which uses an interdiffusion coefficient based on reptation.
The model is based on the assumption that, over the total area of the weld line A 0 , the area A in which no interdiffusion has yet taken place is constantly decreasing. Thus, the weld line strength s b can be calculated from the ratio of the total area of the weld line A 0 and the area A as well as the strength of the original material s u :
(1)
The change in area A over time is calculated as a function of the interdiffusion coefficient D, the free enthalpy ΔG, the Boltzmann constant k, the temperature T and a constant C:
The free enthalpy is made up of the surface tension of the melt g, the area A, the temperature and the entropy of mixing ΔS m :
Since the entropy of mixing of high molecular weight polymer melts is negligible, however, only the surface tension portion is considered below [16, 17] . The interdiffusion coefficient D can be calculated according to [18] based on polymer rheology and thermal material values: (4) G 0 here represents the plateau module, ρ the density, R the gas constant, T the temperature of the melt, R G the average distance between free chain ends, M w the average molecular weight and M e the entanglement molar mass.
The material data needed can be taken from the literature or determined experimentally. The viscosity h 0 corresponds to the zero viscosity of the Cross-WLF model for describing the rheological behaviour of polymer melts [19] . To describe the effect of pressure on the weld line during the holding phase, static pressure is added to the model [20] . Viscosity data from the literature were used for the simulation, but these did not take account of pressure. An empirical factor d was therefore introduced, which describes the effect of pressure on the zero viscosity. Thus, the diffusion coefficient is dependent on melt temperature and pressure: 
Inserting Equation (3) into Equation (2) gives Equation (6) (TΔS m is ignored). The integral over the process period in this equation gives the total area A and thus the strength of the weld line.
Because of the temperature gradient across the thickness of an injection-moulded part, which is due to the nature of the material, there are marked local differences in interdiffusion and therefore also in strength. As can be seen from the mechanical tests, a higher melt temperature, for example, leads to better weld line healing in the core of a component. In the calculating routine, therefore, the reduction factor for weld line strength is calculated for each element in the weld line individually, assuming constant temperature and pressure over each simulated time step. The changes in base area A determined for each element are added up to obtain the desired reduction factor ( Figure 6 ).
Structural simulation and model calibration
The FE program Abaqus from DS Simulia, Providence, RI, USA was used for the structural simulation, with the addition of a user subroutine developed and implemented at the IKV. This subroutine calculates the reduction factor for weld line strength with the aid of the data from the process simulation.
To check that the calculation routine works correctly, the tensile tests on the double-gated type 1B tensile test pieces were reproduced. Calibration was performed by adjusting the constants C from Equation (2) and d from Equation (5) such that the calculated weld line strength matched the weld line strength determined for the experimental points with the factors "0,0" "+,+" and "-,-" from Table 1 . The calibration calculations were made using a hexahedral mesh which had 5 elements across the thickness of the part. This means an element edge length of 0.8 mm in a type 1B tensile test piece.
To match simulation to experiment, the average of the weld line strengths calculated in the individual finite elements was compared with the experimentally determined fracture stresses. The values obtained are illustrated in Figure 7 . A good match can be seen for the central experimental point of 295°C and 600 bar ("0,0"). For the experimental points of 310°C, 800 bar ("+,+") and 280°C, 400 bar ("-,-"), the fracture stresses calculated were slightly too high. The precise values are given in Table 4 .
In order to investigate the effect of FE mesh density and mesh type on calculated weld line strength, in addition to the hexahedral mesh with five elements across the part thickness, the tensile test piece was also simulated with a hexahedral mesh with seven elements across the part thickness, i.e. an edge length of 0.571 mm, and a tetrahedral mesh with an element edge length of 0.8 mm (Figure 8) . This showed that a virtually identical fracture stress was calculated with a finer mesh. When a tetrahedral mesh was used, a lower fracture stress was calculated. This means that using a tetrahedral mesh shifts the calculated strength to the safe side.
CONCLUSIONS
The strength of weld lines in unreinforced, amorphous thermoplastics depends predominantly on melt temperature and holding pressure. While a higher melt temperature has a positive impact on weld line strength, the strength declines with a higher holding pressure. To produce strong weld lines in amorphous, unreinforced thermoplastics, the highest possible melt temperature should therefore be selected together with the lowest possible holding pressure. However, these process parameter settings can also lead to a high degree of shrinkage and warpage and so it is important to weigh up the advantages and disadvantages of these settings for each case individually according to the quality required in the part. Investigation of the V-notch gave no indication that the V-notch has any effect on the fracture stress of the samples with a weld line for the material tested.
The experimental data were used to develop a calculation chain enabling a reduction factor to be determined for the local weld line strength with the aid of thermorheological data from the injection-moulding process simulation. The data on melt temperature and static pressure in the melt were used to calculate the weld line strength.
The materials examined displayed highly ductile behaviour in the quasi-static tensile tests. Further investigations with more brittle amorphous and partially crystalline thermoplastics are therefore needed to verify the material model that has been developed. If the model is not directly applicable to partially crystalline thermoplastics because of different healing processes, e.g. crystallisation, it will have to be modified in order to determine weld line strength in these materials. Going forward, an investigation into flowing weld lines will be carried out, which will include a determination of the effect of flow obstacle geometry on weld line strength.
